GIST is the most common sarcoma in humans ([@bib15]). The majority of GISTs are driven by activating mutations in either *KIT* ([@bib25]) or *PDGFRA* ([@bib23]). Imatinib mesylate (Gleevec) is a molecular inhibitor of the KIT and PDGFRA oncoproteins and has increased the median survival in advanced GIST from \<1 yr ([@bib20]) to 5 yr ([@bib27]), making it one of the most successful examples of targeted therapy. Unfortunately, imatinib is rarely curative and half of the patients develop resistance by 2 yr ([@bib27]), most often because of secondary *KIT* mutations ([@bib1]).

Although it has long been recognized that the immune system contributes to tumor development and control of tumor growth ([@bib16]), there are now considerable data that it plays a major role in the response to cancer therapy ([@bib56]). Recently, we showed in a spontaneous mouse model of GIST ([@bib50]) that imatinib's anti-tumor activity depended partially on CD8^+^ T cells ([@bib2]). Imatinib treatment caused a striking reduction in tumor cell production of the immunosuppressive enzyme indoleamine 2,3-dioxygenase, thereby decreasing regulatory T cells (T reg cells) and increasing CD8^+^ T cells within the tumor. Furthermore, we found that the immune modulating agent α-CTLA-4 was synergistic with imatinib.

TAMs play a central role in cancer biology because they constitute a substantial portion of the tumor mass and interact with numerous effector cells ([@bib4]). Although it is an oversimplification of their diverse and intricate biology, macrophages have been categorized as classically (M1) or alternatively (M2) activated ([@bib31]; [@bib4]; [@bib39]; [@bib30]; [@bib43]; [@bib46]). M1 macrophages are induced by LPS or IFN-γ and stimulate a T~h~1 response, whereas M2 macrophages are polarized by IL-4 or IL-13 and promote a T~h~2 response. M1 macrophages are anti-tumoral because they secrete inflammatory cytokines (TNF, IL-6, IL-1β, and IL-12), present antigen, and recruit effector T cells. In contrast, M2 macrophages are anti-inflammatory, as they produce IL-10, express scavenger and IL-1 decoy receptors, and recruit T reg cells via CCL22 secretion ([@bib10]; [@bib4]). M2 macrophages also suppress effector T cells via arginase ([@bib46]) and support angiogenesis and metastasis through a variety of mechanisms. TAMs are almost always M2 and usually confer worse prognosis in both mice ([@bib39]) and humans ([@bib24]). There is scant evidence for M1 TAMs in cancer. In a murine flank tumor model of breast cancer, TAMs had an MHC class II^hi^ phenotype but actually suppressed T cell proliferation in vitro ([@bib37]). In a subcutaneous model of liver cancer, TAMs had an M1 phenotype and did increase T cell proliferation in vitro ([@bib54]). TAMs in human cancer are generally regarded as pro-tumoral, but the data derive almost entirely from limited immunohistochemical analyses, and functional studies are lacking ([@bib24]).

Because TAMs are a potential immunotherapeutic target ([@bib3]; [@bib13]; [@bib48]; [@bib26]), we investigated their role in GIST. Here, we demonstrate in mouse and human GISTs that tumor cell oncogene activity determined TAM phenotype and function. In mice, established tumors contained M1-like TAMs, which were anti-tumoral, as proven by depletion studies. Imatinib therapy in mouse GIST polarized TAMs to become M2-like through the activation of CCAAT/enhancer binding protein (C/EBP) β. Consistent with our mouse findings, human TAMs were also M1-like at baseline and became M2-like after imatinib therapy. In patients whose tumors developed resistance to imatinib, TAMs reverted to M1-like and had a remarkably similar gene expression profile as M1-like TAMs from untreated patients. Our findings reveal the central importance of tumor cell oncogene activity in TAM polarization.

RESULTS
=======

Mouse GIST TAMs are inflammatory
--------------------------------

GIST mice spontaneously develop a single intestinal tumor by 3--4 wk of age and die from intestinal obstruction at a median of ∼6 mo ([@bib50]). After digesting tumors with collagenase, we found that F4/80^hi^CD11b^+/−^CD68^+^Mac-3^+^ cells ([Fig. 1 A](#fig1){ref-type="fig"}) comprised ∼40% of intratumoral CD45^+^ cells ([Fig. 1 B](#fig1){ref-type="fig"}). The F4/80^hi^ cells did not express the monocyte and neutrophil markers Ly6C and Ly6G or the tumor cell markers KIT and CD34 (unpublished data). F4/80^+^ cells diffusely infiltrated the tumors ([Fig. 1 C](#fig1){ref-type="fig"}), were large and contained multiple cytoplasmic granules ([Fig. 1 D](#fig1){ref-type="fig"}) after bead isolation to \>90% purity (not depicted), and efficiently phagocytosed latex beads ([Fig. 1 E](#fig1){ref-type="fig"}). Overall, the data were consistent with these cells being TAMs.

![**Mouse GIST TAMs are inflammatory.** (A) GIST tumors from untreated mice were processed and stained for CD45, CD11b, and F4/80. Histograms (right) were gated on F4/80^hi^ cells and isotypes are shown as solid gray. (B) Composition of intratumoral leukocytes from 31 untreated GIST mice is shown as a percentage of CD45^+^ cells using the following definitions: TAMs, F4/80^hi^; T cells, F4/80^−^B220^−^NK1.1^−^CD3^+^; B cells, F4/80^−^CD3^−^B220^+^; NK cells, F4/80^−^B220^−^CD3^−^NK1.1^+^; monocytes, CD11b^hi^F4/80^int^; and neutrophils, CD11b^+^Ly6G^+^. Medians are indicated (horizontal bars). (C) F4/80 staining of an untreated tumor. Bar, 50 µm. Inset shows isotype control. (D) Giemsa stain of a cytospin of TAMs from an untreated GIST mouse. Bar, 20 µm. (E) TAM phagocytosis of FITC-labeled latex beads was measured by flow cytometry after 24 h compared with cells incubated without beads (shaded histogram). (F) Flow cytometry for various proteins after gating on TAMs. MSR1, macrophage scavenger receptor 1; MRC1, mannose receptor C type 1; MARCO, macrophage receptor with a collagenous structure; and DEC-205, DCs and epithelial cells 205 kD. (G) DCs are shown among CD45^+^F4/80^−^ cells from an untreated GIST mouse. (H) TAMs and spleen DCs were isolated from untreated GIST mice (B6) and cultured with naive CD4^+^ T cells from BALB/c spleens in a mixed leukocyte reaction. After 72 h, proliferation was measured by ^3^H-thymidine incorporation (cpm, counts per minute). (I) 2 × 10^5^ BMDMs (day 7) or freshly isolated GIST TAMs were cultured alone or with LPS 1 µg/ml in a 24-well plate for 12 h. Supernatant cytokines were measured by cytometric bead array. C--E are representative of two to five experiments, whereas H and I were done in triplicate in one experiment. Bar graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875_Fig1){#fig1}

To evaluate the polarization of TAMs in murine GIST, we performed flow cytometry for M1 and M2 macrophage markers. TAMs expressed high amounts of the inflammatory markers CD11c and MHC class II ([Fig. 1 F](#fig1){ref-type="fig"}, top) but were distinct from the small population of CD11c^hi^MHCII^hi^ conventional DCs contained among F4/80^−^ cells ([Fig. 1 G](#fig1){ref-type="fig"}) and had much less ability to present antigen than DCs ([Fig. 1 H](#fig1){ref-type="fig"}). TAMs expressed multiple other inflammatory markers, including CD80 and CD86, the LPS coreceptor CD14, and Fc receptors, but lacked the M1 markers iNOS and CD40 ([Fig. 1 F](#fig1){ref-type="fig"}, top). Of five scavenger receptors typical of M2 macrophages, staining was only substantial in CD36 ([Fig. 1 F](#fig1){ref-type="fig"}, bottom). That TAMs were more M1-like was further supported by a gene expression array performed on sorted TAMs (purity \> 90%; not depicted) from untreated animals ([Table S1](http://www.jem.org/cgi/content/full/jem.20130875/DC1){#supp1}). TAMs expressed IRF5, a transcription factor associated with M1 macrophages ([@bib29]), but not IRF4, which is associated with the M2 program ([@bib45]). Compared with BM-derived macrophages (BMDMs), TAMs made significantly higher levels of cytokines at baseline. This included high levels of inflammatory cytokines TNF, IL-6, and IL-1β ([Fig. 1 I](#fig1){ref-type="fig"} and not depicted), and also higher levels of the anti-inflammatory cytokine IL-10, perhaps as a homeostatic feedback to the high inflammatory cytokines ([Fig. 1 I](#fig1){ref-type="fig"}). Neither cell type produced detectable IL-12 (unpublished data). After culture with LPS, which promotes M1 polarization, TAMs made even higher levels of these cytokines. Collectively, our findings demonstrated that TAMs in murine GIST were predominantly M1-like in phenotype and function.

TAMs require CSF1R, but not CCR2 or CX3CR1
------------------------------------------

We sought to deplete TAMs to determine their relevance in vivo. We identified several monocyte/macrophage developmental genes from our gene expression array as potential targets, including *Ccr2* ([@bib40]), *Cx3cr1* ([@bib19]; [@bib22]), and *Csf1r* ([@bib32]; [@bib13]; Table S1). TAMs from CCR2-GFP^+^-GIST mice contained only a small GFP^+^ (i.e., CCR2^+^) subset, whereas intratumoral inflammatory monocytes (F4/80^int^CD11b^+^), which are thought to give rise to TAMs ([@bib40]), were uniformly CCR2^+^ ([Fig. 2 A](#fig2){ref-type="fig"}, left). We hypothesized that inflammatory monocytes might have down-regulated CCR2 after differentiating into TAMs, but CCR2^−/−^-GIST mice actually had normal numbers of TAMs, even though inflammatory monocytes were reduced within the tumor and spleen ([Fig. 2 B](#fig2){ref-type="fig"}). We next investigated CX3CR1, which is found on tissue-resident monocytes ([@bib19]) and some TAMs ([@bib22]). TAMs in CX3CR1-GFP^+^-GIST mice expressed high levels of CX3CR1 ([Fig. 2 A](#fig2){ref-type="fig"}, middle), yet CX3CR1^−/−^-GIST mice had only a modest reduction in TAMs ([Fig. 2 C](#fig2){ref-type="fig"}). Tumor weight was unchanged in CCR2^−/−^-GIST and CX3CR1^−/−^-GIST mice (unpublished data). Thus, mouse GIST TAMs did not depend substantially on CCR2 or CX3CR1.

![**TAMs require CSF1R, but not CCR2 or CX3CR1.** (A) GIST mice were crossed to CCR2-, CX3CR1-, and CSF1R-GFP reporter mice and TAMs were analyzed from 6--8-wk-old animals. (B and C) Tumors and spleens from CCR2^−/−^-GIST mice (B) and tumors from CX3CR1^−/−^-GIST mice (C) were analyzed. Monocytes are indicated as CD11b^hi^F4/80^int^ or CD11b^hi^Ly6C^hi^. Plots shown for each reporter mouse are representative of two experiments with one to three mice per group. (D and E) After 4 wk of treatment with α-CSF1R (D) or PLX5622 (E), tumors from GIST mice were analyzed and TAMs as a percentage of CD45^+^ cells were determined. Bars represent medians. (D, top and middle) Composite of two similar experiments (total *n* = 11--12 mice per group). Red triangles in the α-CSF1R treatment group indicate mice depleted \<50% of the median of isotype-treated controls. Representative flow plots show control (left), nondepleted (middle, red arrow), and depleted (right) animals. (E, top and middle) One of two similar experiments (*n* = 5 mice per group). (D and E, bottom) Representative F4/80 immunohistochemistry is shown below matched groups. Bars, 50 µM. (F) Serum CSF1 in age-matched B6 mice (*n* = 2) or GIST mice (*n* = 4) measured by ELISA. (G) 5 × 10^4^ freshly isolated CD45^+^ leukocytes from a spontaneous tumor in a GIST mouse or S2 cells were cultured for 48 h and supernatant CSF1 was measured by ELISA. Experiments show in F and G were performed once, with individual mice serving as replicates for F and triplicate wells for G. Bar graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875_Fig2){#fig2}

GIST TAMs expressed high levels of CSF1R ([Fig. 2 A](#fig2){ref-type="fig"}, right), whereas other intratumoral leukocytes had low or no expression and tumor cells lacked staining (not depicted). Targeting CSF1R with a blocking antibody ([@bib51]) markedly reduced the percentage of TAMs in two thirds of mice after 4 wk both by flow cytometry and immunohistochemistry ([Fig. 2 D](#fig2){ref-type="fig"}). We confirmed the importance of CSF1R by treating mice with PLX5622 ([@bib8]; [@bib21]), an oral inhibitor with nanomolar specificity for CSF1R, which also depleted TAMs ([Fig. 2 E](#fig2){ref-type="fig"}). Although TAMs were profoundly sensitive to CSF1R blockade by either treatment, spleen and BM macrophages, monocytes, and neutrophils were less affected ([Fig. S1](http://www.jem.org/cgi/content/full/jem.20130875/DC1){#supp2}). CSF1 is a ligand for CSF1R and is often elevated in the serum of cancer patients. Accordingly, we found that serum CSF1 was increased in GIST mice compared with age-matched WT controls ([Fig. 2 F](#fig2){ref-type="fig"}). Furthermore, a cell line (called S2) derived from a spontaneous GIST mouse tumor secreted high levels of CSF1, unlike freshly isolated CD45^+^ intratumoral leukocytes from a mouse GIST tumor ([Fig. 2 G](#fig2){ref-type="fig"}). Therefore, GIST cells appear to exert paracrine effects on TAMs via CSF1.

M1-like TAMs inhibit tumor growth by multiple mechanisms
--------------------------------------------------------

Although TAMs generally support tumor growth ([@bib4]), we discovered that GIST mice depleted of TAMs with α-CSF1R or PLX5622 for 4 wk had increased tumor weight ([Fig. 3, A and B](#fig3){ref-type="fig"}) and more KIT^+^ tumor cells ([Fig. 3 C](#fig3){ref-type="fig"}). These findings were consistent with the TAMs being M1-like and inflammatory ([Fig. 1](#fig1){ref-type="fig"}). Notably, mice in which α-CSF1R treatment failed to deplete TAMs at 4 wk ([Fig. 2 D](#fig2){ref-type="fig"}, red triangles), perhaps due to the development of anti--rat antibodies, had tumors of comparable size to those from isotype control-treated mice ([Fig. 3 A](#fig3){ref-type="fig"}, red triangles).

![**M1-like TAMs inhibit tumor growth by multiple mechanisms.** (A, left) Tumor weight from GIST mice treated with α-CSF1R for 4 wk. Red triangles represent mice depleted \<50% of control group median (horizontal bars; [Fig. 2 D](#fig2){ref-type="fig"}). (A, right) Tumor weight excluding mice that were not depleted after α-CSF1R treatment. Shown are composites of two to three experiments per time point (*n* = 7--17 mice per group). (B) Tumor weight after PLX5622 therapy. Composite of two experiments per time point, 6--10 mice per group. (C) Live CD45^−^KIT^+^ cells by trypan blue exclusion after 4 wk of therapy. Only depleted mice are shown for α-CSF1R. Composite of two experiments, 7--12 mice per group. (D) Cell viability at 72 h of co-culture of S2 cells with TAMs from untreated GIST mice. 5 × 10^3^ S2 cells were plated in a flat-bottom 96-well plate either alone or with TAMs in various ratios. After 72 h, wells with S2 cells alone were fully confluent. Cell viability was assessed by optical density at 450 nm (OD450). Shown is a representative of two experiments, with measurements in at least triplicate. (E) Splenic T cells from untreated GIST mice were cultured in α-CD3--coated plates with various ratios of TAMs from GIST mice. Proliferation at 72 h (left) or supernatant IFN-γ at 48 h (right) were measured. Representative of at least three experiments. Cpm, counts per minute. x indicates a single replicate of that dilution. TAMs alone did not produce IFN-γ (not depicted). (F) After 4 wk of treatment with PLX5622, intracellular IFN-γ was measured in tumors and mesenteric lymph nodes. Shown is a representative of two experiments, total 10--11 mice/group. (G) Splenic T cells were cultured in α-CD3--coated plates with various ratios of TAMs from S2 or B16 flank tumors, and proliferation was measured at 72 h. Shown is a representative of two experiments in at least triplicate. (H) S2 cell flank tumor volume after treatment with PLX5622 (*n* = 5--10 mice/group). Bar and line graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875R_Fig3){#fig3}

We next investigated the mechanism of TAM inhibition of tumor growth in mice with established GISTs and found that TAMs exhibited both direct and indirect effects. TAMs isolated from untreated GIST mice directly inhibited the growth of S2 GIST cells in vitro ([Fig. 3 D](#fig3){ref-type="fig"}). TAMs also robustly stimulated CD4^+^ and CD8^+^ T cell proliferation and IFN-γ production ([Fig. 3 E](#fig3){ref-type="fig"}). Although TAM depletion using either α-CSF1R or PLX5622 did not alter the frequency of intratumoral CD4^+^, CD8^+^, or T reg cells (not depicted), intratumoral CD4^+^ and CD8^+^ T cells from GIST mice treated with PLX5622 made significantly less intracellular IFN-γ ([Fig. 3 F](#fig3){ref-type="fig"}). In contrast to our findings in the native GIST mouse, TAMs isolated from flank S2 GIST or B16 melanoma tumors were M2-like and inhibited T cell proliferation ([Fig. 3 G](#fig3){ref-type="fig"}) and IFN-γ production (not depicted). LiHa sarcoma flank tumors also had an M2-like phenotype (unpublished data). As expected, depletion of these M2-like TAMs (control CD11b^hi^F4/80^hi^ 81.6 ± 5.3% vs. PLX5622 18.8 ± 9.3% at 44 d, P \< 0.05, *n* = 5--10 mice per group) decreased the size of subcutaneous S2 GIST tumors ([Fig. 3 H](#fig3){ref-type="fig"}).

TAMs become M2-like during imatinib therapy via C/EBPβ
------------------------------------------------------

Because imatinib is the first line of treatment in advanced GIST, we studied how TAMs were affected by imatinib in our spontaneous mouse model. TAMs were depleted, but the effect was delayed compared with tumor shrinkage ([Fig. 4 A](#fig4){ref-type="fig"}) and coincided with an almost two-thirds reduction in TAM proliferation after 2 wk of imatinib ([Fig. 4 B](#fig4){ref-type="fig"}). To elucidate further the effects of 2 wk of imatinib on TAMs, we analyzed their gene and protein expression. The inflammatory markers CD11c, MHC class II, CD80, and CD86 were reduced in TAMs ([Fig. 4 C](#fig4){ref-type="fig"}), but not in matched spleen macrophages (not depicted). Multiple M2 markers ([@bib4]) were increased by transcriptome profiling ([Fig. 4 D](#fig4){ref-type="fig"}), including *Il10*, *Chi3l3*, *Pla2g7*, *CXCR4*, and *Msr1*, which were validated by RT-PCR ([Fig. 4 E](#fig4){ref-type="fig"}) or flow cytometry ([Fig. 4 F](#fig4){ref-type="fig"}). Notably, there was greater expression of the transcription factor C/EBPβ, a driver of the M2 program and regulator of both *Il10* and *Msr1* ([@bib42]) and tumor-induced immunosuppression ([@bib34]). C/EBPβ up-regulation was validated by Western blot of isolated TAMs ([Fig. 4 G](#fig4){ref-type="fig"}). In vivo, the predominant C/EBPβ isoform was the long, transactivating liver-enriched activator protein (LAP; C/EBPβ), whereas a short repressive isoform liver-enriched inhibitory protein (LIP; C/EBPβ) was expressed only at low levels. In addition, we found that cyclic AMP response element-binding (CREB), a transcription factor which directly regulates C/EBPβ transcription ([@bib42]), was also up-regulated and activated, as was the CREB-related protein ATF1 ([Fig. 4 G](#fig4){ref-type="fig"}). Finally, in mice treated with imatinib for 2 wk, freshly isolated TAMs were less inflammatory because they produced lower amounts of TNF and IL-6 both with and without LPS stimulus ([Fig. 4 H](#fig4){ref-type="fig"}). Collectively, then, imatinib induced TAMs to shift in vivo from M1- to M2-like. After 4 wk of imatinib therapy, we found that intratumoral CD8^+^ T cells were less activated with lower CD69 staining and less IFN-γ production after in vitro stimulation (unpublished data).

![**TAMs become M2-like during imatinib therapy.** (A) GIST mice were treated with imatinib or vehicle control and sacrificed at the indicated time points. Means of tumor weight (left) and TAM percentage of CD45^+^ cells (right) are shown normalized to matched vehicle controls. There were 8--16 mice per time point for tumor weight and at least 3 mice per time point for TAM percentage, but only 1 imatinib-treated mouse and 2 controls existed at 24 wk (marked by an x). (B) GIST mice were treated with vehicle or imatinib for 2 wk and TAM proliferation was assessed by flow cytometry of intracellular Ki67 staining (seven to eight mice/group). (C and D) Mean fluorescence intensity (MFI) of various proteins on TAMs was measured by flow cytometry (C; represents at least two experiments, *n* = 6--7 per group) or TAMs were sorted from GIST mice (*n* = 8 pooled per group) and subjected to gene expression array (D). Selected statistically significant genes with a false discovery rate of \<0.05 and a fold change greater than two are shown. Color of box depicts fold change (scale on left). On the right, mean value of absolute expression is shown for each group. (E and F) Selected genes were validated by RT-PCR (E; pooled RNA from eight per group) or flow cytometry (F; representative of at least two experiments, *n* = 6--7 per group). (G) Western blot analysis of C/EBPβ isoform expression (C/EBPβ, LAP, and LIP) on isolated TAMs from vehicle- or imatinib-treated mice (at least five mice per group). MW, molecular weight. (H) GIST mice were treated with imatinib for 2 wk, and then 5 × 10^4^ freshly isolated TAMs were cultured with or without 1 µg/ml LPS overnight in a 96-well plate. Supernatant cytokines were then measured by cytometric bead array. Shown is a representative of two experiments, five to seven mice per group. Bar graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875R_Fig4){#fig4}

To identify the mechanism of the shift in TAM polarization, we performed in vitro studies. Imatinib did not directly alter the expression of C/EBPβ in TAMs at a concentration of 2 µM, which is similar to the serum level in humans taking imatinib ([@bib12]) and our treated mice (mean 3.8 ± 0.4 µM, *n* = 4 mice, 4 wk of treatment), or at a supraphysiological dose of 10 µM ([Fig. 5 A](#fig5){ref-type="fig"}). However, TAMs up-regulated C/EBPβ and the LAP isoform when cultured with S2 GIST cells that had been rendered apoptotic by irradiation and pretreatment with imatinib ([Fig. 5 A](#fig5){ref-type="fig"}). To evaluate the specific role of C/EBPβ in TAM polarization, we used RNA interference to knock down C/EBPβ in freshly isolated TAMs that were cultured alone or with apoptotic S2 GIST cells. Knockdown of C/EBPβ isoforms was confirmed by Western blotting in both conditions ([Fig. 5 B](#fig5){ref-type="fig"}). In TAMs cultured alone, C/EBPβ knockdown caused a decrease in IL-10, indicating a role of C/EBPβ in baseline polarization ([Fig. 5 C](#fig5){ref-type="fig"}). In TAMs cultured with apoptotic S2 GIST cells, IL-10 expression was increased, an effect which was abrogated by C/EBPβ knockdown. Thus, C/EBPβ plays a central role in the polarization of GIST TAMs both at baseline and in the polarization shift that occurs during TAM interaction with apoptotic cells during imatinib treatment.

![**Apoptotic tumor cells induce an M2-like shift via C/EBPβ.** (A) S2 cells were rendered apoptotic by irradiation with 20 Gy and treatment with imatinib for 3 h and then washed to remove imatinib. 10^6^ apoptotic S2 cells (apop S2) were then cultured with 2 × 10^6^ TAMs for 48 h in 6-well plates. Some wells were treated with 2 or 10 µM imatinib (imat). After 48 h, cell lysates were analyzed by Western blot. Shown is a representative of two experiments. MW, molecular weight. (B and C) 10^6^ TAMs were transfected with either control (siRNA neg ctrl) or C/EBPβ-targeted siRNA (constructs a or b) for 24 h and then cultured with or without apoptotic S2 cells (apop S2). After 48 h, cell lysates were analyzed by Western blotting (B) and supernatant IL-10 was measured by cytometric bead array (C). Shown is a representative of two experiments. Bar graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875R_Fig5){#fig5}

Human GIST TAMs become M2-like during therapy
---------------------------------------------

To ascertain the clinical relevance of our findings in the GIST mouse, we analyzed 57 freshly obtained human GIST specimens from 50 patients ([Table 1](#tbl1){ref-type="table"}). Untreated GISTs contained a large population of CD45^+^CD11b^+^CD14^+^CD68^+^ cells that were lineage (CD3, CD19, and CD56) negative ([Fig. 6 A](#fig6){ref-type="fig"}). In addition, they expressed CD11c, HLA-DR, CD86, and CD64, but also the M2 marker CD163 ([Fig. 6 B](#fig6){ref-type="fig"}). Bead-isolated cells had \>90% purity (not depicted) and were large with multiple cytoplasmic granules ([Fig. 6 C](#fig6){ref-type="fig"}). In vitro, TAMs from untreated human GISTs secreted high amounts of TNF, IL-1β, and IL-6 ([Fig. 6 D](#fig6){ref-type="fig"}). Thus, TAMs from untreated human GISTs were M1-like, as in mouse GIST.

###### 

Clinicopathologic characteristics of 57 specimens from 50 patients

  Characteristic                       Untreated        Sensitive                            Resistant
  ------------------------------------ ---------------- ------------------------------------ ----------------------------------------------
  Number of patients                   25               18                                   9[a](#tblfn1){ref-type="table-fn"}
  Number of specimens                  25               23                                   9
  Median age (range)                   65 (38-85)       58 (43-81)                           53 (39-66)
  Female                               13               4                                    3
  Male                                 12               14                                   6
  Primary                              25               9                                    2
  Metastatic                           0                14                                   6
  Local recurrence                     0                0                                    1
  **Primary location**                                                                       
  Stomach                              23               7                                    4
  Small intestine                      1                12                                   4
  Other                                1                4                                    1
  **Tyrosine kinase inhibitor**                                                              
  Imatinib                             Not applicable   23                                   9
  Sunitinib                            Not applicable   0                                    5
  Other                                Not applicable   0                                    2
  Median treatment duration (months)   Not applicable   6 (3-84)                             84 (36-132)[b](#tblfn2){ref-type="table-fn"}
  **Mutational status**                                                                      
  *KIT* exon 9                         0                2                                    1
  *KIT* exon 11                        6                9[c](#tblfn3){ref-type="table-fn"}   8[d](#tblfn4){ref-type="table-fn"}
  *KIT* exon 13                        0                1                                    0
  *PDGFRA*                             2                0                                    0
  WT                                   2                0                                    0
  Unavailable                          15               6                                    0

Two patients also had sensitive tumors.

Shows duration of any treatment.

One patient had a secondary *KIT* exon 17 mutation but was still sensitive by clinical criteria.

Two patients had secondary *KIT* exon 13 mutations and 1 had a secondary *KIT* exon 17 mutation.

![**Human GIST TAMs become M2-like during therapy.** (A) Representative flow plots of a freshly obtained and processed GIST from an untreated patient. Histograms are gated on CD45^+^Lin^−^CD11b^+^CD14^+^ cells and isotypes are gray. (B) Expression of various proteins on human TAMs from an untreated patient. (C) Cytospin of TAMs with Giemsa stain. Bar, 20 µm. (D) 2.5 × 10^4^ TAMs were isolated from untreated patients and stimulated with 1 µg/ml LPS for 24 h and supernatant cytokines were measured by cytometric bead array. Shown is a representative of seven untreated tumors. (E, left) TAMs as a percentage of CD45^+^ cells in untreated (*n* = 25), sensitive (*n* = 23), and resistant (*n* = 9) tumors. (E, right) Blood monocytes (CD45^+^lin^−^CD11b^+^CD14^+^) as a percentage of CD45^+^ cells in 18 untreated, 13 sensitive, and 5 resistant patients. (F) CD14 in bulk tumor measured by gene expression array of an independent cohort of 37 untreated, 9 sensitive, and 39 resistant patients. Bars in E and F represent medians. (G) CD14 immunohistochemistry showing representative staining from untreated, sensitive, and resistant human GIST specimens. Inset shows isotype control. Bars, 50 µm. (H) Proportion of TAMs expressing HLA-DR by flow cytometry (*n* = 17 untreated, 15 sensitive, and 8 resistant). (I) Matched peripheral blood CD4^+^ T cells were cultured in the presence of α-CD3 and various ratios of TAMs and proliferation was measured by ^3^H-thymidine incorporation after 3--4 d (representative of two untreated, three of six sensitive, and three resistant tumors, x indicates single replicate of that dilution). Bar graphs show mean ± SEM. \*, P \< 0.05.](JEM_20130875_Fig6){#fig6}

Tumors were categorized, as previously ([@bib2]), as untreated, sensitive, or resistant based on their response to imatinib at the time of surgery ([Table 1](#tbl1){ref-type="table"}). TAMs constituted a lower median percentage of intratumoral leukocytes in sensitive tumors than in untreated tumors (10 versus 25%), but there was no difference between untreated and resistant tumors ([Fig. 6 E](#fig6){ref-type="fig"}, left). We validated this finding with gene expression array of *CD14* in an independent cohort of 85 human GISTs ([Fig. 6 F](#fig6){ref-type="fig"}) and with immunohistochemistry ([Fig. 6 G](#fig6){ref-type="fig"}). Meanwhile, the percentage of monocytes in matched peripheral blood was similar among the three patient groups ([Fig. 6 E](#fig6){ref-type="fig"}, right).

Given that TAMs were reduced in sensitive human GISTs as we had observed in our mouse model after imatinib therapy, we then ascertained whether they also became M2-like. Sensitive TAMs had less HLA Class II expression ([Fig. 6 H](#fig6){ref-type="fig"}). TAMs from three of six sensitive tumors suppressed T cell proliferation, indicating an M2 shift ([Fig. 6 I](#fig6){ref-type="fig"}), whereas those from two others had no effect and one caused stimulation. In contrast, TAMs from resistant tumors were M1-like in function as they uniformly (three of three) stimulated T cell proliferation, as did TAMs from untreated (two of two) tumors ([Fig. 6 I](#fig6){ref-type="fig"}). Meanwhile, TAMs isolated from two human pancreatic adenocarcinomas failed to induce T cell proliferation (unpublished data).

To further investigate human TAM polarization, we performed gene expression profiling on TAMs that had been freshly bead-isolated from 11 untreated, 5 sensitive, and 4 resistant human tumors. TAMs from sensitive tumors had 689 genes with at least a twofold expression difference compared with TAMs from untreated tumors. Multiple M2 and related genes were up-regulated in TAMs from sensitive GISTs ([Fig. 7](#fig7){ref-type="fig"}), consistent with our functional data. Based on global gene expression changes, Ingenuity pathway analysis software identified multiple members of the C/EBP transcription factor family as important in sensitive tumors, including *C/EBPα*, *C/EBPδ*, and *C/EBPε* ([Table 2](#tbl2){ref-type="table"}). Strikingly, isolated TAMs from untreated and resistant patients did not have a single gene with an expression difference of at least twofold. Hence, in accordance with our mouse data, tumor cell oncogenic activity, which is fully active in untreated human GISTs and human GISTs that have acquired resistance to imatinib, was associated with TAM polarization. Furthermore, the C/EBP transcription factor family was up-regulated in sensitive human GISTs as it was in mouse GIST after imatinib therapy.

![**Gene expression in TAMs of patients with GIST.** TAMs isolated from five sensitive human tumors were compared with TAMs from 11 untreated and 4 resistant tumors by gene expression array. RNA was isolated from TAMs that were freshly bead-isolated from human GISTs. Differentially regulated genes were those with a fold change \>2 at a false discovery rate of \<0.05. For the comparison of untreated to sensitive TAMs, selected genes are shown by category, with the magnitude of fold change depicted on the scale. There were 689 genes differentially expressed between untreated and sensitive TAMs (310 up and 379 down on sensitive compared with untreated), 0 genes differentially expressed between untreated and resistant TAMs, and 44 genes differentially expressed between sensitive and resistant TAMs (24 up and 20 down on sensitive compared with resistant).](JEM_20130875_Fig7){#fig7}

###### 

C/EBP transcription factors are activated in sensitive human tumors

  Transcription regulator   Regulation z-score   P-value of overlap   Target molecules in dataset
  ------------------------- -------------------- -------------------- -----------------------------
  **CEBPA**                 4.0                  8.3^−6^              36
  TP53                      3.9                  2.2^−22^             117
  NF-κB (complex)           3.7                  2.5^−5^              47
  SP1                       3.4                  1.6^−9^              52
  Nfat (family)             3.3                  1.2^−2^              9
  CDKN2A                    3.3                  2.6^−8^              28
  SMARCB1                   3.1                  6.5^−3^              16
  PGR                       3.0                  9.7^−2^              11
  RELA                      2.9                  3.2^−2^              21
  HNF4A                     2.8                  2.0^−1^              82
  **CEBPE**                 2.8                  1.4^−3^              8
  **CEBPD**                 2.7                  4.3^−3^              10
  TCF3                      2.6                  2.6^−3^              20
  RB1                       2.6                  9.6^−13^             40
  TP63                      2.5                  7.9^−2^              12
  HMGB1                     2.5                  2.9^−3^              8
  IFI16                     2.5                  2.1^−1^              5
  EGR1                      2.3                  1.1^−4^              18
  NFKBIB                    2.3                  1.1^−2^              7
  SMAD3                     2.3                  8.1^−2^              13
  PDX1                      2.2                  4.6^−1^              8
  SMARCE1                   2.2                  2.0^−3^              5
  Rb                        2.2                  1.2^−5^              12
  ETS1                      2.2                  3.2^−1^              10
  NFATC1                    2.1                  1.8^−2^              6
  ETV4                      2.1                  5.8^−2^              4
  JUND                      2.1                  6.4^−2^              6
  Ap1                       2.0                  1.2^−3^              15
  Hdac                      −2.0                 1.6^−2^              6
  MYBL2                     −2.0                 1.7^−3^              7
  MYCN                      −2.1                 3.2^−1^              9
  E2f                       −2.4                 3.2^−5^              16
  MYOD1                     −2.4                 2.7^−2^              14
  MYC                       −2.5                 1.7^−5^              57
  KLF2                      −2.6                 1.6^−2^              13
  FOXO1                     −2.9                 3.4^−5^              24
  MEOX2                     −3.1                 4.7^−4^              8
  FOXM1                     −3.7                 1.2^−11^             19
  TBX2                      −3.9                 1.1^−10^             20

Bolding highlights CEBP family genes among other genes that were found significant in the Ingenuity pathway analysis. A positive regulation z-score indicates activation, whereas a negative score indicates inhibition.

DISCUSSION
==========

Although TAMs are almost always M2-like in mice and humans, we established that mouse and human GISTs contained TAMs that were M1-like in phenotype and function at baseline. The exception to the classical M1 polarity was the expression of some scavenger receptors (CD36 in mouse and CD163 in humans), which are typically associated with the M2 program. Based on CD163 immunohistochemistry, a previous study characterized TAMs in human GIST as M2, despite also finding high HLA-DR expression ([@bib52]). Thus, the nearly exclusive use of immunohistochemistry to categorize human TAMs ([@bib24]) may underestimate the frequency of M1 TAMs in human cancer. Our findings also underscore the potential limitations of studying heterotopic tumors in mice using cell lines because TAMs from subcutaneous tumors of S2 GIST cells were M2-like, unlike TAMs from the parent tumor.

TAMs from untreated mouse and human GISTs were functionally M1-like, as they secreted inflammatory cytokines and stimulated T cell proliferation and IFN-γ production. Consistent with these findings, TAM depletion increased tumor size in GIST mice with established tumors. In contrast, depletion of M2 TAMs is known to decrease tumor burden in models of breast, colon, ovarian, lung, and prostate cancer and melanoma ([@bib39]). It has been suggested that early carcinogenesis may be dominated by M1-like TAMs, whereas an M2-like phenotype emerges as the tumor microenvironment evolves ([@bib39]; [@bib54]; [@bib46]). However, we found that TAMs isolated from 7-, 24-, and 47-wk-old mice had a similar ability to stimulate T cell proliferation (unpublished data). Thus, TAMs in our model do not naturally become M2-like over time. To determine the cause of the M1-like TAM phenotype in GIST, we crossed GIST mice to IFN-γ^−/−^ mice because IFN-γ is a major determinant of M1 polarization ([@bib4]). TAMs from GIST-IFN-γ^−/−^ mice showed only minor decreases in CD11c and MHC class II, whereas CD80 and CD86 expression, TNF production, and stimulation of T cell proliferation were unchanged (unpublished data). Future studies will focus on the contributions of other local stimuli in skewing TAMs to be M1-like in GIST.

TAMs are thought to arise from circulating blood monocytes, particularly CCR2^+^ inflammatory monocytes ([@bib37]; [@bib40]), although other studies suggest that TAMs may derive from resident CX3CR1^hi^CCR2^lo^ monocytes ([@bib30]). We proved that genetic deletion of CCR2 did not alter the number of mouse GIST TAMs, whereas deletion of CX3CR1 had only a partial effect. Thus, chemokine receptors on TAMs have redundant functions. In our mouse model, TAMs were profoundly sensitive to CSF1R blockade by an antibody or molecular inhibitor, even though the major myeloid populations in the spleen and BM were only modestly affected. The "addiction" of M1-like TAMs to CSF1R signaling in mouse GIST was unexpected given the general contention that CSF1 is an M2-polarizing cytokine ([@bib4]). Indeed, we found that in vitro treatment of TAMs with CSF1 did not up-regulate C/EBPβ (unpublished data).

Imatinib therapy decreased TAMs in our mouse model and in human GISTs. Imatinib does inhibit CSF1R modestly, albeit at a higher IC~50~ than KIT inhibition ([@bib14]; [@bib33]). Imatinib depleted TAMs in GIST mice by only 20% at 4 wk, whereas α-CSF1R and PLX5622 achieved 80% depletion after just 1 wk (unpublished data). In addition to CSF1, which was secreted by the S2 GIST cell line, tumor cells produce numerous other growth factors and chemokines that support TAM recruitment and maintenance, including VEGF and CCL2, 5, 7, and 8 ([@bib49]). TAMs in GIST mice had lower Ki67 expression after imatinib therapy and numerous markers of proliferation and cell cycle progression were down-regulated in human GIST TAMs from sensitive tumors. Overall, it seems that the eventual decline of TAMs with imatinib treatment in mouse and human GIST is due to moderate CSF1R inhibition as well as the reduction of tumor cell--derived growth factors (e.g., CSF1) caused by oncogene inhibition.

Imatinib caused TAMs to become M2-like in phenotype and function in both mouse and human GIST. Thus, oncogene activity might drive TAM polarization ([@bib17]). There was less Class II, CD80, and CD86 expression and several M2-like markers increased, including phospholipase A2 group VII, chitinase genes, cathepsins, and scavenger receptors. Other increases in M2-like genes did not overlap between mouse and human and were generally more pronounced in humans, perhaps reflecting the longer treatment period (median, 6 mo vs. 2 wk in the mouse). Human TAMs also up-regulated numerous genes for angiogenesis, matrix metallopeptidases, matrix synthesis genes, chemokines/chemokine receptors involved in neutrophil recruitment, and arginase. TAMs isolated from imatinib-treated mice were less inflammatory, as they produced lower amounts of TNF. Similarly, TAMs isolated from imatinib-sensitive human GISTs tended to suppress T cell proliferation, unlike TAMs from untreated or resistant patients, which consistently stimulated T cells. Therefore, the frequency and polarization of TAMs depended on the oncogenic activity of the tumor cells. TAMs were M1-like at baseline, became M2-like with imatinib via indirect induction of C/EBP (through tumor cell apoptosis in mice), and in humans reverted to the M1-like polarity and gene expression profile of untreated tumors upon acquiring resistance to imatinib.

The C/EBP family of transcription factors was implicated in the switch to M2-like TAMs after imatinib therapy of mouse and human GISTs. There is \>90% homology among the C/EBP isoforms, although the exact function of each is unknown ([@bib41]). C/EBP binding sites exist in numerous genes that are important for myeloid cells, including CD14, COX-2, IL-1β, IL-6, IL-8, IL-12, CSF1R, iNOS, and TNF ([@bib41]). In particular, C/EBPβ is a central regulator in normal mouse macrophages ([@bib18]) and regulates the M2 genes MSR1, IL-10, and Arg1 ([@bib9]; [@bib42]; [@bib30]; [@bib46]). It has been reported that C/EBPβ^−/−^ macrophages failed to produce IL-10 in response to *Escherichia coli* ([@bib9]). Given that we found mouse TAMs to have a high level of phagocytic activity, imatinib induces tumor cell apoptosis, and TAM phagocytosis of apoptotic tumor cells has been shown previously to induce M2 polarization ([@bib53]), it is possible that TAM phagocytosis of dying GIST cells promoted M2 polarization in vivo.

TAM depletion in untreated mice increased tumor growth, consistent with their M1-like profile. Surprisingly, though, depletion of the M2-like TAMs by either anti-CSF1R or PLX5622 did not further alter tumor weight during imatinib therapy (unpublished data). It is possible that our mouse model is not aggressive enough to demonstrate an additive benefit of oncogene inhibition combined with depletion of M2-like TAMs. The tumor cells in GIST mice have a single, homogenous mutation and the mice do not develop metastases or imatinib resistance. Alternatively, it is possible that M2-like TAMs are not required for tumor cell maintenance during inhibition of tumor cell oncogene activity.

It is now clear that the immune response is critical in mouse and human GIST. Others have shown in GIST patients that IFN-γ production by blood NK cells and an immunosuppressive NKp30 isoform are associated with survival ([@bib35]; [@bib11]). Our previous work demonstrated the importance of the adaptive immune system in GIST ([@bib2]). Although imatinib-sensitive mouse and human GISTs had more CD8^+^ T cells and fewer T reg cells, here we show that they also have fewer TAMs with a shift from predominantly M1-like to M2-like TAMs, which would be expected to support tumor growth. The role of the adaptive immune system in GIST was validated in another recent study, in which a high density of CD3^+^ T cells correlated with progression-free survival ([@bib44]). Given that targeted molecular agents are almost never curative in solid tumors (including GIST), other approaches, such as modulation of TAMs, are being intensely studied. However, depletion of TAMs in human GIST either in the absence of imatinib therapy or after imatinib resistance has developed may actually be detrimental because the TAMs are M1-like. Whether TAM depletion is beneficial during imatinib response in GIST patients remains to be seen. Overall, our findings are relevant to the clinical application of TAM-directed therapies in GIST and have implications for targeted and immune therapy of other human cancers.

MATERIALS AND METHODS
=====================

### Mice.

Heterozygous 6--8-wk-old GIST mice (KIT^ΔV558/+^; [@bib50]) on a C57BL/6 (B6) background (The Jackson Laboratory), CCR2^−/−^ ([@bib5]), CCR2-GFP ([@bib47]), CX3CR1-GFP ([@bib28]), CSF1R-GFP ([@bib6]; all Jackson), and CX3CR1^−/−^ ([@bib7]; Taconic) mice were used. Animal procedures were approved by the Sloan-Kettering Institutional Animal Care and Use Committee.

### Treatments.

Purified anti-CSF1R (clone AFS98; [@bib51]) was produced by the Monoclonal Antibody Core Facility, Sloan-Kettering Institute. GIST mice received a loading dose of AFS98 or rat IgG2a (clone 2A3; Bio X Cell) 500 µg i.p. on day 1, then 250 µg on days 3 and 5 and twice weekly thereafter. PLX5622 ([@bib8]; [@bib21]) chow (1,200 mg/kg) was provided by Plexxikon and control chow was rodent diet AIN-76A (Plexxikon). Imatinib was obtained from Novartis and LC Laboratories and dissolved in the drinking water at 600 mg/liter.

### Implantable flank tumors.

10^6^ S2 cells (see below) in PBS were mixed 1:1 with growth factor reduced Matrigel (BD) and injected subcutaneously in the left flank of B6 mice. 5 × 10^4^ B16 melanoma cells (a gift of A. Houghton, Memorial Sloan-Kettering Cancer Center, New York, NY) in PBS were implanted in other mice. Flank tumor volume was calculated using the ellipse formula (1/2 length × width × height as measured with calipers).

### Tissue processing.

Mice were sacrificed with CO~2~ inhalation and tumors were weighed, minced, and digested in 12 mg/ml collagenase type II (Worthington Biochemical) and 0.5 mg/ml DNase I (Roche) for 30 min in a shaker at 37°C. Tumor suspensions were washed through a 100-µm cell strainer with 1% FCS, then passed through a 40-µm filter, and washed again. Flank tumors were excised and processed as above. After mashing through a 70-µm cell strainer, spleens were centrifuged and red blood cells lysed using ammonium chloride lysis buffer (eBioscience), quenched with 1% FCS, and passed through a 40-µm filter. BM was flushed from a single tibia per mouse, pooled by group, homogenized by repeated aspiration through an 18-gauge needle, and washed in 1% FCS. With patient consent, we obtained fresh human tumors from the operating room under an IRB-approved protocol and processed immediately using the same protocol as mouse tumors, with the only modification being that a red blood cell lysis step was added if the cell pellet contained substantial heme. Matched peripheral blood was collected in heparinized tubes before surgical incision. Peripheral blood mononuclear cells were obtained using density centrifugation over a Ficoll-Paque gradient (GE Healthcare).

### Cell isolation.

To obtain murine TAMs, tumor single cell suspensions were incubated with anti--mouse CD117 microbeads (Miltenyi Biotec), washed, filtered through a 40-µm cell strainer, centrifuged, and then run through a single LS column (Miltenyi Biotec) per 10^8^ cells. Unbound KIT^−^ cells were collected from the negative fraction, counted, and incubated with 10 µl biotinylated anti--mouse F4/80 (clone BM8; eBioscience) per 10^7^ cells, washed, and incubated with 20 µl streptavidin microbeads per 10^7^ cells (Miltenyi Biotec). Positive selection was then performed using two sequential LS columns. TAMs were isolated from subcutaneous S2 or B16 tumors using the same protocol, omitting the KIT negative selection. Human TAMs were isolated using a similar protocol, except negative selection used anti--human CD3, CD56, and CD117 microbeads and positive selection used anti--human CD14 microbeads (Miltenyi Biotec). Mouse spleen CD4^+^ and CD8^+^ T cells and human peripheral blood CD4^+^ T cells were isolated using the appropriate kits according to the manufacturer's protocol (Miltenyi Biotec).

### Flow cytometry.

Cellular analysis was performed using a FACSAria (BD) as previously described ([@bib2]). Mouse-specific antibodies conjugated to various fluorochromes were purchased from BD (CD45, clone 30-F11; CD3, 145-2C11; CD11b, M1/70; CD11c, HL3; CD34, RAM34; CD40, 3/23; CD80, 16-10A1; CD86, GL1; CD117 \[KIT\], 2B8; Mac-3, M3/84; B220, RA3-6B2; NK1.1, PK136; Ly-6C, AL-21; and Ly-6G, 1A8), eBioscience (CD8, 53--6.7; CD36, No.72-1; CD45, 30-F11; F4/80, BM8; FoxP3, FJK-16s; Ki67, SolA15; MHC Class II \[I-A/I-E\], M5/114.15.2; and DEC-205, 205yekta), Invitrogen (F4/80, BM8), BioLegend (CD14, Sa14-2; CD16/32, 93; CD64, X54-5/7.1; CD68, FA-11; and MRC1, MR5D3), R&D Systems (MSR1, 268318), and AbD Serotec (MARCO, ED31). Purified rabbit anti--mouse iNOS (Millipore) was detected using FITC-conjugated goat anti--rabbit IgG (Abcam). Human-specific antibodies were purchased from BD (CD3, SK7; CD11b, D12; CD14, M5E2; CD16, 3G8; CD19, SJ25C1; CD45, 2D1; CD56, B159; CD64, 10.1; CD80, L307.4; CD86, 2331 \[FUN-1\]; and HLA-DR, L243 \[G46-6\]), eBioscience (CD163, GHI/61), BioLegend (CD11c, 3.9; and CD68, Y1/82A), or Miltenyi Biotec (CD45, 5B1). Appropriate isotype controls were used where applicable. Histograms are shown with staining intensity on the x axis and percentage of maximum on the y axis.

### Histochemistry.

Tumors were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at a thickness of 5 µm. Antigen retrieval was achieved with citrate buffer. Sections were stained with anti--mouse F4/80 (1:100 dilution; clone BM8; BioLegend) or anti--human CD14 (prediluted; clone 7; Thermo Fisher Scientific) as previously described ([@bib55]). Murine or human TAMs were isolated as above and centrifuged onto a glass slide (Cytospin 4; Thermo Fisher Scientific). Giemsa stains were then performed using standard methods.

### Cytokine detection.

Cell culture supernatant or serum cytokines were measured using cytometric bead array according to manufacturer's instructions (Mouse Inflammation kit, Mouse Th1-Th2-Th17 Cytokine kit, IL-1β and Mouse Flex Set, Human Inflammation kit; BD). Mouse serum and supernatant CSF1 were measured by ELISA as instructed (R&D Systems). For intracellular TNF detection, freshly isolated tumor cell suspensions were stimulated with 1 µg/ml LPS in the presence of a 1:1,000 dilution of Brefeldin A (Golgi plug; BD). After 4 h, cells were washed, surface stained, fixed, and permeabilized (Cytofix/Cytoperm; BD). TNF was then quantified in TAMs on a per-cell basis (clone MP6-XT22; BD). For IFN-γ, single cell suspensions were stimulated with 20 ng/ml PMA and 1 µM ionomycin for 1 h, after which Brefeldin A was added. After 6 h, cells were surface stained and then fixed/permeabilized and stained intracellularly for IFN-γ (clone XMG1.2; BD). IL-10 in FACS-sorted TAMs was quantified by real-time PCR using probes purchased from Applied Biosystems.

### Cell assays.

For tumor cell viability assays, 5 × 10^3^ S2 cells were plated in a flat-bottom 96-well plate either alone or with TAMs in various ratios. After 72 h, wells with S2 cells alone were fully confluent. A cell viability assay was then performed according to the manufacturer (Dojindo) and viability was assessed by optical density at 450 nm (OD450). For T cell proliferation assays, mouse or human TAMs were plated in a flat-bottom, anti-CD3--coated, 96-well plate (BD) alone or in various ratios with or without 5 × 10^4^ mouse or human CD4^+^ or CD8^+^ T cell responders as previously described ([@bib37]). After 2--3 d of culture (when responder cells in control wells were blastic and forming rosettes), 1 µCi ^3^H-thymidine was added to each well. Cells were harvested (Tomtec automated harvester) the next day and lysed onto filter paper (Perkin Elmer). Beta decay was then measured using a Microbeta Trilux counter (Perkin Elmer; Wallac Microbeta software). For mixed leukocyte reactions, CD4^+^ T cells were isolated from BALB/c spleens using beads. GIST mouse spleens were incubated with type II collagenase to enhance DC yield and then processed by mashing through a 70-µm filter, washing in 1% FCS, and passing through a 40-µm filter. Spleen DCs were enriched over 2 LS columns using anti--mouse CD11c microbeads (Miltenyi Biotec). 10^5^ responder T cells were plated in a 96-well plate with either 2.5 × 10^4^ TAMs or spleen DCs and cultured for 3 d, with 1 µCi ^3^H-thymidine added for last 18 h of culture. The plate was then harvested and β counted as above. For the phagocytosis assay, 2.5 × 10^5^ TAMs were incubated in media in a 24-well plate overnight. FITC-labeled latex beads (Miltenyi Biotec) were then added to some wells (Cayman Chemical). After 24 h, TAMs were dissociated, washed, and incorporation of beads was measured by flow cytometry. BMDMs were generated from B6 BM, as previously ([@bib36]), and were used on day 7. For transient C/EBPβ gene knockdown, 10^6^ TAMs from untreated GIST mice were cultured overnight in a 6-well plate in serum free medium. TAMs were then transfected with 30 nM C/EBPβ ON-target plus SMARTpool siRNA (construct a, b; Thermo Fisher Scientific) or nontargeting negative control siRNA (Thermo Fisher Scientific) using lipofectamine (Invitrogen) according to the manufacturer's instructions. RNA interference sequences are listed in the manufacturer's data sheet. After 24 h, wells were changed to full medium and 2 × 10^5^ apoptotic S2 cells (5:1 ratio of TAMs/S2 cells) were added and co-cultured for another 48 h. Supernatant was then harvested to measure IL-10 by cytometric bead array. Cell lysates were used to measure protein by Western blotting.

### Generation of a murine GIST cell line (S2).

GIST mouse tumor single cell suspensions were incubated in RPMI 1640 medium containing 10% FCS, glutamine, 2-mercaptoethanol, and antibiotics. Non-adherent cells were removed and media was replaced after 48 h. This was repeated until colonies of tumor cells were visible. These were then dissociated using a trypsin alternative (Tryple Express; Invitrogen) and serially passaged. After 10 passages, the cell line stabilized.

### Microarray.

Isolated TAMs were pelleted, snap frozen, and RNA was isolated using the RNeasy Plus Mini kit (QIAGEN). Gene expression microarray was then performed by the Genomics Core Laboratory (Sloan-Kettering Institute) using the Mouse Genome 430A 2.0 and Human Genome U133A 2.0 microarrays according to manufacturer instructions (Affymetrix). Microarray data were analyzed using Partek Genomics Suite version 6.5. After log transformation and quantile normalization, ANOVA was performed to compare multiple groups. Selected statistically significant genes with a False Discovery Rate of \<0.05 and a fold change \>2 are shown. Heat maps were generated using Matrix2png software ([@bib38]). Statistically significant genes were analyzed using Ingenuity pathway analysis software (Ingenuity Systems, Inc.). Whole tumor *CD14* expression was analyzed in an independent cohort of patients (Affymetrix Human Genome U133A microarray). Array data have been deposited in NCBI's GEO database ([GSE51697](GSE51697) and [GSE51698](GSE51698)).

### Western blot.

Protein was isolated and Western blotting performed as previously ([@bib2]). Anti--mouse C/EBPβ (clone 1H7; BioLegend) was used at a 1:1,000 dilution and detects the three isoforms C/EBPβ, LAP, and LIP. Antibodies for p-CREB (Ser133, clone 87G3, which also reacts with p-ATF1) and GAPDH (clone D16H11; Cell Signaling Technology) were used at a 1:1,000 dilution.

### Statistical analysis.

Unpaired two-tailed Student's *t* tests and one-way ANOVA comparisons were done where appropriate using Prism 5.0 (GraphPad Software). A p-value \<0.05 was considered significant.

### Online supplemental material.

Fig. S1 depicts the gating strategy of spleen and BM myeloid populations during CSF1R blockade. Table S1 shows a summary of a gene expression array of murine GIST TAMs. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20130875/DC1>.
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